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The reduction of ketones by dissolving metals and the related electrochemical reductions have been much studied. House (1) has summarized·the recent work. The main features of these reactions are relatively well understood. The first step is the formation of a ketyl, and the ratio of the two epimeric alcohols obtained is not necessary the equilibrium ratio. However, it is still impossible to make qua.nt;.i;ta"tive prediction on the steric course of these reactions. In this talk, I would like to present some experimental results which show the complexity of the reactions and theoretical treatments of two related problems: ·the structure of the ketyi radical-ion and the stability of epimeric alcohols.
The most common dissolving-metal reduction is probably the sodii.rm-and-alcohol reaction (1) , an heterogeneaus reaction. We preferred to study the homogeneaus reaction in liquid ammonia (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Other workers (e.~g. [13] [14] [15] [16] [17] .and ref. therein) have also studied this reaction. Every component of the reaction mixture, the solvent (liquid ammonia), the ketone tobe reduced, the electron donor (the metal) and a proton donor are necessary, as may· be seen in reaction scheme 1 : 
A co~solvent may be used if the ketone is not solu,le in liquid ammonia. Various procedures may be found in the literature (1), the ketone, the metal and the proton donor being added in different order to the liquid ammonia. We have chosen two extreme types A and 8 : A) The ketone and proton donors (ethanol under standard conditions) are dissolved in liquid ammonfa and the metal is added to this solution. The rate of r:eduction is apparently controlled by the metal dissolution. 8) The metal is first dissolved in liquid ammonia, care being taken that no proton donor be present at this stage. The ketone is added to the blue solution. After 30 minutes, a proton donor (ethanol under standard conditions) is added before work-up. It is hoped that in case A all the steps of scheme 1 can occur, while in case 8 protonation is forbidden and scheme 2 is now to be considered before protonation.
(in this scheme 2, ionic structures are given, but different ion-pairs of.variousdegrees of aggregation are possible (1) ). Other procedures may be considered as intermediate : for instance, adding the metal to the ketone in liquid ammonia may be a type A reactiori at the beginning, if some N:lter is present in liquid a11111onia, and then type 8, when. the proton donor is added after the A type reaction is over. The experimental results can be summarized in the following way : In monocyclic cyclohexanone derivatives (15), A-type reduction gives the more stable equatorial epi!"'er in a larger than 9:1 ratio to the less stable epimer. In polycyclic ketones, various ratios of stable to unstable epimer have been found (1'-24) . In some cases (3-9, 13-18, 23) , pinacols are formed, sometimes in 90% yield. (It may be noted that a symmetrical ketone gives one alcohol and one pinacol only, a prochiral ketone gives one racemic alcohol and two different pinacols (meso and d!), an optically active ketone gives two epimeric alcohols (a and ß) and three different pinacols (aa,aß and ßß} while the corresponding racemic ketone may give two racemic epimeric alcohols and sfx different pinacols (racemic-and meso-, aa, aß and ßß).
Two different pinacols have been obtained from d-camphor 1 (3, 17) and from A-nor-cholestan-2-one ~ (4), but it is difficult to determine thefr stereochemistry. Aseries of pinacols has been obtained from norcamphor ~ (8, 9, 11, 15) l.
These experimental data(yields of pinacols and of alcohols, and ratio of the two epimeri c al cohol s) may sometimes strongly depend upon the experimental condi tions and on the nature of the metal used. Sfnce some Contradietory results have appeared in the literature. I woul d 1i ke to i 11 ustrate thi s dependence : a) Cases have .been found where the products are insensitive to the reaction conditions : For fenchone !• reduction gives no pinacol and less than 5% exo epimer and more than 95% endo epimer (6), whatever the metal or the type of reaction. The equilibrium mixture is probably 30% exo -70% endo (6).
b) The ratio of epimers may be insensitive to the reaction conditions but the relative yields of pinacols and of alcohols.change: In androstan-17 one g. less than 5% androstan-17a-o1 is obtained (in the a + ß alcohol mfxture) (the equilibrium mixture is 35%a ,65% ß) but the yield of pinacol {Table I) va ri es between 35% and 2% dependi ng upon the meta 1 used and the type of reduction {11, 12 Yield of pinacols obtained in the reductions of androstan-17 one Simi 1 ar resul ts have been obtained for a-fenchocamphorone §. 1.,.methyl norcamphor z, the most abundant epimer being the most stable t:or § and the less stable for z.
c) The ratio of epfmer5 and the pinacols-yield vary with the metal used and do not vary much with the type of reduction : This is the case for A-norcholestan-2-one ~ (4) ; Table II gives the percentage{r?of a-epimer obtained in the alcohols mixture,and the pinacols yield (y) : d) The ratio of epimers does not change much with different metals but changes drastically with the type of reduction : This is the case of androstan-11 one § (5, 12) for which table III gives the % of ep.imer in the alcohol mixture. These discrepancies are difficult to explain. However, in our hand, the recovery of material was quantitative, while HUFMANN and CHARLES results account for less than 50% of the material. We may also notice that in our hands, the pinacol yield varies between 25 and 100%, in the B-type reduction with lithium (8) (9) (10) (11) . The discrepancies are less for the percentage of epimer : Table V gives the % of exo alcohol in the alcohols mixture. lE In this reduction, the metal (barium) has been precipitated by N(Et) 4 Cl
The case of camphor is important : We had first noticed that a) the alcohol mixture obtained by the dissolving metal reductions was different ~rom the equilibrium mixture (2); b) In liquid ammonia, the ratio of epimer obtained (2) and the pinacol yield (3) changed drastically with the conditions and the meta·l used. This was confirmed in a detailed study (7) (8) (9) (10) (11) by A. COULOMBEAU. At the same time, HUFMANN and CHARLES (15) could not reproduce some of our results. However, this point was studied later by MURPHY and SULLIVAN (17) who confirmed our previous results : Table IV   Table VII gives the % exo epimer in the alcohol mixture found by : a) our group, b) MURPHY and SULLIVAN, c) HUFFMANN and CHARLES, under standard conditions A and B.
It is apparent that under standard conditions, the reductions in liquid ammonia gi ve reproducibl e resL:l ts. Al though the ori gi n of the reported di screpancies may be trivial, · one may speculate that some more subtle influence; such as differences in magnetic field (25) play a role.
The experimental data on these reductions are thus mainly yields and isomer. ratio.
From these data, various mechanisms have been proposed (1, 3, 10, 11, 15, 17) . It is generally accepted that products formation is kinetically controled and that some of the steps of We have chosen to stuqy two problems : the ~~~ o6 the ketyl hadicat-~on formed in the first step, since its conformation may have some implication on the stereochemistry of the products, and the difference of .t>ta.bili.ty o~ the ep.i.melli.e af.c.oholA formed in the last step.
The structure of ketyl radicals Drs. J. DOUADY, Y. ELLINGER and R. SUBRA, from this laboratory, in collaboration with Dr. G. BERTHIER, have studied the simple ketyl H 2 co-CFor references to previous work, see (27) J. Its equilibrium geometry has been studied by energy minimisatfon as a function of I distances and angles, a being the out-of-plane angle between CO and H 2 C plane. Two methods have been used : Aperturbation method, (to 3rd order) with Gonfiguration Interaction using L9caliz-ed Orbitals (PCILO),in the semi-empirical CNDO approximation. The original PCILO method (28) has been modified (29, 30) for open-shell rilolecules and in ·order to take into account the CO three-electrons bond.
An ah-initio roothod, the spin-r"!stricted LCAO-SCF method of Roothaan with some Gonfiguration Interaction (27) . Two basis of Gaussian-type orbitals were used : Basis I : (7s, 3p/3s) contracted to (3s, 2p/1s) ; Basis II was basis I plus polarization functions (3s, 2p, 1d/1s, 1p). The CO bond is significantly longer than in H 2 co (31). As usual, the CNDO parametisation gives too large a barrier. The 0.875 kcal/mole barrier is probably 4 better estimate. In H 2 No, the inversion barrier has been calculated (27) to be s~aller (0.064 kcal/mole) and the stable conformation of stable nitroxides is found by diffraction methods to be planar for symmetrical and bent for non symmetrical molecules (32) . By comparison, it is concluded that ketone radical-ions are bent, the out of plane angle being ca 30° and the inversion barrier slightly less than 1 kcal/mole. If this. is correct,the stereochemistry of the reduction may be discussed in term of .a be~t radical-ion (1, 10, 17) .
The protonation step in the reduction may also be considered : What is the more favored process in ketyls, protonation at 0 or at C ? Although this may strongly depend upon solvation and/or complexation by the counter ion, we have tried to answer this question for a free ketyl : Using the electrostatic potential technique (33) it is possible, from the SCF wave function, to draw the H 2 ca· electrostatic potential (34) . Since the species is negatively changed, the potential is attractive for a proton and r~ther spherical at lar~e distances. It is more attractive around oxygen (ca -200 kcal/mole), than around C (ca -100 kcal/mOle). A minimum (-249 kcal/mole) is found at the expected direction of an oxygen lone pair, at ca 1 .f!t fr9m 0. What is the meaning of this result ? The electrostatic potential approach gives only the first term of the interaction energy between H 2 co· and H+, in a perturbation development. H 2 COH" has been cal culated (35) and found to have a stable geometry corresponding to the minimum of the electrostatic potential of H 2 co· . We believe that the protonation of H 2 co· occurs at oxygen first (as expected from simple electronegativity consideration). This step is probably reversible, while protonation at carbon, if any, is probably irreversible and may be a step controlling the stereochemistry of· products. Further discussion seems still more spe.culative.
Weshall now turn to the study of relative stability of the reduction products. It was originallythought that dissolving metal reactions give the equilibrium mixture of alcohols (1). This is not the case,and the reaction is kinetically controlled. However, we have studied the stability of these alcohols. Experimentally, we have used acetone-isopropyl alcohol-potassium to equilibrate the potassium alcoholates (4, 6, 8) . Some results are reported in Table X . In order to investigate all the. reduction steps, it may be necessary to know the relative stability of unstable epimeric species (radicals or anions). Such an experimental determination may be impossible and calculation may be necessary. In order to test the methods, we have tried to calculate the relative stability of epimeric alcohols, for which experimental data were available. It is possible to measure the composition of an equilibrium mi xture at different temperature T and to obtai n the free energy di fference t.G 0 between isomers, from which the enthalpy and entropy differences t.H 0 and t$ 0 are calculated. These values are related to the experimental conditions and take solvation into account. In order to cal cul ate these va 1 ues, i t i s reasonab 1 e to i dentify the entha 1 py of formati on t.H to the energy of formation ca1culated for one mo1ecule. However, the ca1cu1ation is done for an isolated molecule and solvation cannot be explicitely taken into account.
In order to ca1cu1ate the energy of formation, it is necessary to start from the geonietry of minimal energy. Because quantum methods are too expensive for a comp1ete optimisation,. we have calculated this geometry by a standard molecular mechanics program. The initia1 geometries were taken from photographic projections of mo1ecular mode1s (36) and the minimisation of energy was searched by a simplex method (37) . Using this optimised geometry, the energy of formation for each isomer was ca1cu1ated (38) using PCILO method (28) in the ;.CNDO approxi mati on, for each isomer, thus gi vi ng the entha 1 py di fferences. These di fferences are not equal to those calculated using a non-optimized geometry (39, 40) . The entropy differences between isorilers were estimated. (41) as arising mainlyfromentropy of rotation and entro-PY of mixin!l (42) . The first term is a symmetry term, the second depends oil the posSibility of different conformer5. These conformers were estimated (38, 41) by changing one or two torsional angles in the optimised molecule; calculating the energy as a function of this intemal coordinate to find conformers secondary minima. Their relative proportion x 1 is then estimated assuming a Boltzmann distributioil; and the entropy of mixing is calculated as RT ~-x 1 log x 1 .
Having 6H 0 and 65°, the 6G 0 can be calculated, as well as the relative percentages 1 of isomers at different temperatures. This procedure has been applied to three groups of bicyclo-l:f,2,1] heptane derivatives. Hydrocarbons (38) ; alcohols (38) (39) (40) (41) and ketols (41) : Monomethyl and di methyl hydrocarbons have been equilibrated by other workers ( 43) . The ca 1 cul ated and experimental values are given in Table IX . Table X gives our experimental and calculated results for bicyclic alcohols. The role of the optimized geometry is sh!lWn by inclLiding results obtained without optimisation (40) . Table XI gives the results for 4 epim'eric ketols ~Q," ~1· ~~· ~~· without optimisation of geometry (41) . The following conclusions can be drawn The ~xperimental results are ver,y well reproduced for hydrocarbons, hindered alcohols and ketolS. j'These last molecules are hindered and also show internal hydrogen bonding (26~.Discrepancies'are noticed specially for norborneols ~g U• the least hindered alcohols. It is possible that the rnethod we have used is satisfactor,y when solvation is negligible and that inclusion of solvation may give a fully satisfactory way to calculate the equilibrium ratios in isomeric mixtures.
